Research Highlight: Forest disturbance by insects or disease can have a significant influence on nutrient return by litterfall and decomposition, but information regarding disturbance gradients is scarce. This study demonstrated that the disturbance intensity caused by pine wilt disease greatly altered the quality and quantity of carbon (C) and nitrogen (N) in litterfall components and decomposition processes. Background and Objectives: This study was conducted to evaluate the C and N status of litterfall and litter decomposition processes in a natural red pine (Pinus densiflora S. et Z.) stand disturbed by pine wilt disease in southern Korea. Nine red pine plots with varying degrees of disturbance caused by pine wilt disease were established based on differences in the stand basal area. Litterfall and the decomposition of needle litter and branches under different degrees of disturbance were measured for three years. Results: There was a significant correlation (p < 0.05) between disturbance intensity and the C and N concentration of litterfall components depending on the time of sampling. The annual C and N inputs through litterfall components decreased linearly with decreasing disturbance intensities. The decomposition rates of branches were higher in slightly disturbed plots compared with severely disturbed plots for the late stage of branch decomposition, whereas the decomposition rates of needle litter were not affected by the disturbance intensity of pine wilt disease. Carbon and N concentrations from needle litter and branches were not linearly related to the intensities of disturbance, except for the initial stage (one year) of needle litter decomposition. Conclusions: The results indicated that the incidence of pine wilt disease was a major cause of C and N loss through litterfall and decomposition processes in pine wilt disease disturbed stands, but the magnitude of loss depended on the severity of the disease disturbance.
Introduction
Litterfall inputs and decomposition are an important pathway for nutrient returns in forest ecosystems because significant amounts of organic matter and nutrients in the soil can be transferred by litterfall and litter decomposition processes [1] . However, forest disturbance by epidemic outbreaks of insects or disease can have a significant influence on nutrient returns as the death or removal of damaged trees causes changes in biotic and abiotic factors [2] [3] [4] . For example, nutrient inputs caused by litterfall are linearly decreased with increased intensities of forest disease [5] , whereas the decomposition rates of needle litter are increased [6] , unchanged [7] , or decreased [8, 9] with the degree of tree removal.
Materials and Methods

Study Site and Experimental Design
This study was conducted in approximately 40-year-old natural red pine stands (35 • 12 21 N, 128 • 10 24 E, 150 m) in the Wola National Experimental Forest, which is one of the most severe pine wilt disease-disturbed forests in Korea [5, 12] . The average annual precipitation and temperature in this area are 1490 mm yr −1 and 13.1 • C, respectively. The soil is a slightly dry dark-brown forest soil (Inceptisol, USDA Soil Taxonomy) originating from sandstone or shale, with a silt loam texture. The site index in dominant pine trees indicated a low forest productivity (site index, 8 at 20-year-old base age). The understory tree species include Juniperus rigida S. et Z., Lespedeza spp., Lindera glauca Blume, Quercus variabilis Blume, Q. serrata Thunb., Robinia pseudoacacia L., and Smilax china L. More information on the study sites is available in References [5, 12] .
The experimental design consisted of 10 m × 10 m plots that were established in stands with different degrees of disturbance induced by selective cutting of the infected and dead pine trees on a small scale (Figure 1 ). The plots were established on similar-facing slopes and aspects to minimize spatial variations and to reduce sampling bias of site components. In addition, sampling schemes were repeated yearly to interpret the consistency of treatment effects because different degrees of disturbance due to pine wilt disease were not true replicates [17] . Thus, the results from this study need to be interpreted cautiously, although study sites were representative of pine wilt disease forests in southern Korea. The stand basal area was highest (35.9 m 2 ha −1 ) at 2100 tree ha −1 and lowest (4.2 m 2 ha −1 ) at 300 tree ha −1 (Table 1) .
Litterfall
Three circular litter traps (a surface area of 0.25 m 2 ) within each plot were installed 60 cm above the forest floor in each plot (total, 27 litter traps) to quantify litterfall in stands with different degrees of disturbance due to pine wilt disease (Figure 1 ). Litter was collected thirteen times (27 July, 18 Litter from each trap was transported to the laboratory and oven dried at 65 • C for 48 h. All dried samples were separated into needles, bark, cones and flowers, branches, and miscellaneous components, and each portion was weighed. The litter samples were combined based on their collection time (July-November, December-June) each year because some components of litter samples in severely disturbed plots were too limited for chemical analysis. The composite litter samples were ground through a 40-mesh (0.425 mm) stainless steel sieve, and C and N concentrations were determined using an elemental analyzer (Thermo Scientific, Flash 2000, Milan, Italy). Total C and N inputs, which are defined as the absolute amount of C and N return through litterfall components, were calculated by multiplying the weight of each litterfall component by the C and N concentrations. Litter from each trap was transported to the laboratory and oven dried at 65 °C for 48 h. All dried samples were separated into needles, bark, cones and flowers, branches, and miscellaneous components, and each portion was weighed. The litter samples were combined based on their collection time (July-November, December-June) each year because some components of litter samples in severely disturbed plots were too limited for chemical analysis. The composite litter samples were ground through a 40-mesh (0.425 mm) stainless steel sieve, and C and N concentrations were determined using an elemental analyzer (Thermo Scientific, Flash 2000, Milan, Italy). Total C and N inputs, which are defined as the absolute amount of C and N return through litterfall components, were calculated by multiplying the weight of each litterfall component by the C and N concentrations. 
Decomposition of Needles and Branches
The decomposition rates of needle litter were measured using the litterbag technique ( Figure 1 ). Fresh needle litter from each treatment was collected from the forest floor on 10 December 2009, which followed a concentrated shedding event during autumn. After collection, the litter was airdried at room temperature for 10 days. Then, a sample of 10 g was weighed and placed in 30 cm × 30 cm nylon net bag with a mesh size of 0.1 mm. Subsamples from the litter were also taken to determine the dry weight after drying in an oven at 65 °C for 48 h. Six litterbags (total 54 bags) for each plot were randomly placed on the forest floor on 23 December 2009. The litterbags were collected after 352 days (10 December 2010) and 1103 days (15 March 2013) from each plot during the study period. Each litterbag sample was then oven dried at 65 °C for 48 h, and the weight loss rates were determined. All samples in the litterbag were ground in a Willy mill to pass through a 0.04 mm mesh. An elemental analyzer (Thermo Scientific, Flash 2000, Milan, Italy) was used to quantify the C and N concentrations in the ground materials. The remaining C and N in the bags was estimated by multiplying the weight of undecomposed litter and the C or N concentration. The decomposition rates of wood litter were measured from fresh pine branches collected from the study sites in June 2009. The pine trees were felled from the study site with hand saws. Fifty-four branch log sections (50-60 mm diameter and 150-160 mm long) were prepared and oven dried at 65 °C for 7 days. Then, a branch sample was weighed and placed in a 30 cm × 30 cm nylon net bag with a mesh size of 0. 
The decomposition rates of needle litter were measured using the litterbag technique (Figure 1 ). Fresh needle litter from each treatment was collected from the forest floor on 10 December 2009, which followed a concentrated shedding event during autumn. After collection, the litter was air-dried at room temperature for 10 days. Then, a sample of 10 g was weighed and placed in 30 cm × 30 cm nylon net bag with a mesh size of 0.1 mm. Subsamples from the litter were also taken to determine the dry weight after drying in an oven at 65 • C for 48 h. Six litterbags (total 54 bags) for each plot were randomly placed on the forest floor on 23 December 2009. The litterbags were collected after 
Soil Property
Soil bulk density at the surface depth (5-10 cm) was determined after drying at 105 • C from soil samples collected in 100 cm 3 stainless steel cans. Soil samples were collected four times at a depth of 20 cm using a 2 cm diameter stainless steel sampling probe (Oakfield soil sampler) between June and September 2009 to measure the soil nutrient concentration. Before chemical analyses, the soil samples were sieved through a 2 mm mesh to separate coarse rock from the total soil. Soil C and N concentrations were determined using an elemental analyzer (Thermo Fisher Scientific Flash 2000, Milan, Italy). Soil P concentration extracted by NH 4 F and HCl solutions [18] was determined using a UV spectrophotometer (Jenway 6505, Staffordshire, UK). Soil exchangeable cations (K + , Ca 2+ , and Mg 2+ ) extracted by NH 4 Cl solution [18] with a mechanical vacuum extractor (Model 24VE, SampleTek, Science Hill, KY, USA) were determined through ICP-OES (Perkin Elmer Optima 5300DV, Shelton, CT, USA).
To evaluate the relationship between needle or branch decomposition and soil environmental characteristics, three soil samples from each plot were collected monthly during the study period at a depth of 20 cm using an Oakfield soil core sampler. The soil samples were transported to the laboratory and oven dried at 105 • C for 48 h to measure the soil gravimetric water content. The soil pH (1:5 soil:water) was measured using a glass electrode (ISTEC Model pH-220 L, Seoul, Korea). Soil temperature was measured at a depth of 8 cm adjacent to the soil collection sites using a soil temperature probe (K-type, Summit SDT 200, Seoul, Korea).
Data Analysis
Pearson's correlation analyses were performed to evaluate the relationship between the C and N concentrations of litterfall components (i.e., needles, branches, bark, cones and flowers, miscellaneous, and total litterfall) and the various levels of basal area [19] . Regression analyses were used to determine the relationships between the different disturbance intensities (independent variables) and the C and N inputs through the litterfall components, decomposition of needle litter, and decomposition of branches (dependent variables). This study utilized basal area as an indicator of the disturbance intensity, given that the basal area of each plot could reflect the number of undamaged trees by pine wilt disease and the following selective cutting. In addition, the responses of litterfall and litter decomposition were linearly linked to various levels of basal area following tree removal [20, 21] . A p value < 0.05 was considered statistically significant. 
Results
Soil Property
There was considerable variability in soil bulk density and exchangeable cation (Ca 2+ , Mg 2+ ) concentrations in the different disturbance intensities, whereas soil chemical properties, such as organic C and total N, were not significantly different among different disturbance intensities of pine wilt disease ( Table 2 ). The soil fertility levels such as available P and exchangeable Ca 2+ and Mg 2+ concentrations showed declining patterns with an increased disease disturbance intensity.
Carbon and Nitrogen Responses of Litterfall
The C concentration of litterfall components was significantly correlated with the disturbance intensity of pine wilt disease (e.g., various levels of the basal area) depending on the time of sampling, except for miscellaneous litter (Figure 2) . In contrast to the C concentration of litterfall components, the N concentration of needle litter was generally higher in the slightly disturbed plot in the high basal area than in the severely disturbed plots in the low basal area (Figure 2 ). However, the N concentration of other litterfall components, such as branches, bark, cone and flower, and miscellaneous litter, was not affected by disturbance intensity, except for one sample of miscellaneous litter ( Figure 2 ). 
The C concentration of litterfall components was significantly correlated with the disturbance intensity of pine wilt disease (e.g., various levels of the basal area) depending on the time of sampling, except for miscellaneous litter (Figure 2) . In contrast to the C concentration of litterfall components, the N concentration of needle litter was generally higher in the slightly disturbed plot in the high basal area than in the severely disturbed plots in the low basal area (Figure 2) . However, the N concentration of other litterfall components, such as branches, bark, cone and flower, and miscellaneous litter, was not affected by disturbance intensity, except for one sample of miscellaneous litter ( Figure 2 ). The linear regression analyses developed for the C and N inputs through litterfall components were significant (r 2 = 0.42-0.91; p < 0.05), except for the C input in branch litter sampled in 2010-2011 ( Figure 3 ). The C and N inputs through litterfall components decreased with decreasing basal area due to considerable differences in the basal areas. The best fit with the highest coefficient of determination (r 2 ) was generally obtained for total litterfall, followed by needles, branches, miscellaneous, bark, and reproduction litter. 
Weight Loss and Carbon and Nitrogen Status during Decomposition Processes
The weight loss rates of needle litter were not linearly related to the basal area for two sampling times (Figure 4 ), but the weight loss rates of branches sampled at 1353 days ( Figure 5 ) linearly increased with increasing basal area (r 2 = 0.90, p < 0.01). The C concentration of decomposing needle litter and branches was not affected by the basal area, but the N concentration, C/N ratio, and remaining C and N of needle litter were linearly related to the basal area during the initial incubation year (358 days). In contrast to needle litter, the remaining C and C/N ratios of branches were linearly related to the basal area during the late incubation (1353 days). 
Discussion
Carbon and Nitrogen Inputs through Litterfall
The C concentration of each litterfall component was generally unaffected by the disturbance intensity (represented by basal area). However, the N concentration of needle litterfall decreased with decreased basal area (r = 0.74-0.88, p < 0.05), indicating low soil N availability in severely disturbed plots since the N concentration of needle litter was associated with the soil N status at the sites [22] . For instance, the C/N ratio, which is one of the indicators of soil quality [23] , was higher in severely disturbed plots (22.0-25.8) than in slightly disturbed plots (19.1-19.9 ). This result supported that the C concentration of needle litterfall is generally greater in poor-quality sites due to the low nutrient concentration of needle litter compared with trees grown in better environmental conditions [24] . 
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Discussion
Carbon and Nitrogen Inputs through Litterfall
The C concentration of each litterfall component was generally unaffected by the disturbance intensity (represented by basal area). However, the N concentration of needle litterfall decreased with decreased basal area (r = 0.74-0.88, p < 0.05), indicating low soil N availability in severely disturbed plots since the N concentration of needle litter was associated with the soil N status at the sites [22] . For instance, the C/N ratio, which is one of the indicators of soil quality [23] , was higher in severely disturbed plots (22.0-25.8) than in slightly disturbed plots (19.1-19.9 ). This result supported that the C concentration of needle litterfall is generally greater in poor-quality sites due to the low nutrient concentration of needle litter compared with trees grown in better environmental conditions [24] . However, the N concentration of branch or bark litter was not significantly correlated (p > 0.05) by the disturbance intensity caused by pine wilt disease.
Regardless of the changes in C and N concentrations, C and N inputs through litterfall components were a function of the remaining basal area along the gradient of disturbance intensities. For example, C and N inputs through needle litterfall decreased with an increased disturbance intensity caused by pine wilt disease due to a considerable difference in the stand basal area in response to the removal of infected trees. Previous studies have reported that the nutrient input through litterfall tended to decrease roughly in proportion with the degree of dead or removed trees [2, 25] . Carbon inputs through branches and bark litterfall were also linearly related to the disturbance intensity caused by pine wilt disease (Figure 2 ), although wood litter input could be affected by abiotic factors, such as storms or strong winds, rather than differences in the stand basal area [20] .
Regarding our hypothesis, the results indicate that the intensive removal of pine wilt disease-infected trees could decrease the C and N inputs through litterfall. Considering that litterfall is a major source of soil organic C and N, the detected reduction in C and N inputs through litterfall could have further impacts on C and N storage in the infected forest soils [26] . It indicates that the effects of infected tree removal should be considered in future studies interpreting C and N inputs through litterfall in forests impacted by pests.
Decomposition Rates of Needle Litter and Branches
Stand basal area was not a major factor affecting the decomposition rates of needle litter in pine wilt disease disturbed stands. Although decomposition activities are sensitive to changes in soil temperature and water content, both soil environmental factors in this study were not a strong driver of needle decomposition rates. This allows us to expect that the stimulating effect of microclimatic changes on litter decomposition might be counteracted by the limitation of soil nutrients for decomposers under intensive removal of infected trees. Similarly, previous studies reported that the decomposition of needle litter was seldom affected by tree removal [1, 7] . Conversely, another study reported that the decomposition rates of pine needles decreased following canopy removal because of a decrease in meso-fauna abundance due to increased light levels [27] . Such inconsistencies in the relationship between the basal area and the decomposition rates of needle litter could be due to the complex responses of abiotic and biotic factors following canopy removal [1, 7] .
Although the decomposition rate of branches was related to the basal area, it is not clear whether the decreased decomposition rates of branches in the severely disturbed plots could be attributed to changes in microclimatic factors such as soil temperature and water content (Figure 6 ), which are generally the two most influential factors for decomposer communities. It was found that soil water content tended to increase with the removal of infected trees, which is the opposite of the branch decomposition rate. This result suggests that the decomposition of branches could be affected by environmental factors other than increased temperature and water infiltration following canopy removal. For instance, a meta-analysis by Holden and Treseder [28] suggested that the incidence of tree-killing pine beetles could result in a notable decline in the soil microbial community. Given that soil nutrient availability decreased in the intensively disturbed plots (Table 2) , the decline in soil microbes resulting from nutrient limitation might play a role in the lower branch decomposition rate under the intensive removal of the infected trees. Photodegradation, a process by which solar radiation breaks down organic matter components, would greatly affect the decomposition rates of wood litter through a considerable increase in solar radiation in the severely disturbed plots [29] . For instance, the activity of the decomposing microorganisms [30] may be limited to increased solar radiation with a high C/N ratio in severely disturbed plots (Figure 5d ). 
Carbon and Nitrogen Responses during Decomposition Processes of Needle Litter and Branches
The remaining C in decomposing needle litter and branches was generally lower in the slightly disturbed plots (high basal area) than in the severely disturbed plots (low basal area), even though the C concentration and remaining C generally decreased over the process of decomposition compared to those of undecomposed needles or branches. The difference in the remaining C between the disturbance intensities is more distinct for the decomposition of branches compared with the decomposition of needle litter (Figures 4e and 5e ). As decomposing litters generally lose C via diverse processes [26] such as the leaching of soluble carbohydrates and respiration of labile compounds, the lower remaining C in the slightly disturbed plot compared with the severely disturbed plots could be attributed to rapid C mineralization throughout the decomposition process. In contrast to the C concentration, needle litters initially gained N due to an increasing N-rich microbial biomass [1] during the decomposition process, especially in the slightly disturbed plots. The higher N retention in decomposing needle litter in slightly disturbed plots during early incubation could be due to increased loss of C from the decomposing litter or depressed microbial activity under soil nutrient limitations in severely disturbed plots [13] . In fact, fungal mycelia, a major driver of microbial N immobilization, was rarely observed in the severely disturbed plots during the study period. However, the remaining N in decomposing branches was not linearly related to the basal area during the two sampling times (Figure 5f ). This might occur because, compared with severely disturbed 
The remaining C in decomposing needle litter and branches was generally lower in the slightly disturbed plots (high basal area) than in the severely disturbed plots (low basal area), even though the C concentration and remaining C generally decreased over the process of decomposition compared to those of undecomposed needles or branches. The difference in the remaining C between the disturbance intensities is more distinct for the decomposition of branches compared with the decomposition of needle litter (Figures 4e and 5e ). As decomposing litters generally lose C via diverse processes [26] such as the leaching of soluble carbohydrates and respiration of labile compounds, the lower remaining C in the slightly disturbed plot compared with the severely disturbed plots could be attributed to rapid C mineralization throughout the decomposition process. In contrast to the C concentration, needle litters initially gained N due to an increasing N-rich microbial biomass [1] during the decomposition process, especially in the slightly disturbed plots. The higher N retention in decomposing needle litter in slightly disturbed plots during early incubation could be due to increased loss of C from the decomposing litter or depressed microbial activity under soil nutrient limitations in severely disturbed plots [13] . In fact, fungal mycelia, a major driver of microbial N immobilization, was rarely observed in the severely disturbed plots during the study period. However, the remaining N in decomposing branches was not linearly related to the basal area during the two sampling times (Figure 5f ). This might occur because, compared with severely disturbed plots, slightly disturbed plots showed generally higher N retention in decomposing branches via microbial immobilization. This pattern might counteract the faster branch decomposition under the slight removal of the infected trees and consequently confound the relationship between the remaining N of decomposing branches and basal area.
The overall results demonstrate that the relationship between the disturbance intensity and C and N release through decomposition was relatively unclear, given that C and N inputs through litterfall exhibited a direct relationship with basal area (disturbance intensity). This finding shows that the decrease in forest floor C storage along increasing disturbance intensities caused by pine wilt disease [12] might result from the gradual reduction in litterfall rather than alterations to the litter decomposition rate. Our results also suggest that it is necessary to consider the inconsistent effect of tree removal intensity on C and N release through decomposition rates when interpreting soil C and N dynamics under disturbed conditions after pine wilt disease.
Conclusions
The disturbance intensity of pine wilt disease greatly altered the quality and quantity of C and N in litterfall components and the decomposition processes of needle litter and branches. Removal of infected trees reduces the C and N inputs through litterfall components and the decomposition of branches. These effects were attributed to modifications in microclimatic conditions and a reduction in soil nutrient availability by removing trees killed by pine wilt disease. Thus, C and N loss of pine wilt disease stands may have contributed to long-term declines in forest productivity. The results indicate that it is critical to understand the impacts on the C and N status at various degrees of tree removal because of the possible significant changes to the soil nutrient cycle through litterfall and decomposition processes in pine wilt disease stands. 
